Abstract. Binding of the chemokine stromal cell-derived factor-1 (SDF-1) to its receptor C-X-C chemokine receptor type 4 (CXCR4) results in receptor activation and the subsequent release of matrix metalloproteinases (MMPs) that contribute to osteoarthritis (OA) cartilage degradation. As hypoxia is a defining feature of the chondrocyte microenvironment, the present study investigated the possible mechanism through which SDF-1 induces cartilage degradation under hypoxic conditions. To do this, OA chondrocyte cultures and patient tissue explants pretreated with the CXCR4 inhibitor, AMD3100 were incubated with SDF-1. It was identified that hypoxic conditions significantly elevated the expression of CXCR4 in osteoarthritic chondrocytes relative to normoxic conditions. Furthermore, SDF-1 elevated MMP-13 mRNA levels and proteinase activity. It also elevated the mRNA and protein levels of runt-related transcription factor 2, and induced the release of glycosaminoglycans and the inflammatory cytokine, interleukin-1β. By contrast, such changes did not occur to an appreciable degree in cells that were pretreated with AMD3100. The results of the present study demonstrate that even under hypoxic conditions, where CXCR4 expression is significantly elevated in chondrocytes, AMD3100 effectively blocks this receptor and protects chondrocytes from OA-induced catabolism, suggesting that the successful inhibition of CXCR4 may be an effective approach for OA treatment.
Introduction
Osteoarthritis (OA) is the most common degenerative joint disease among populations that are past middle age (1) . In Asian countries, the incidence of OA in individuals aged >65 years, will increase from 6.8% in 2008 to 16 .2% in 2040 (2) . Although the exact mechanism underlying OA pathogenesis remains unclear, OA is largely defined by cartilage tissue breakdown resulting from a dysregulated process of tissue homeostasis that is crucial to this degenerative joint disease. Elevated levels of catabolic proteases, such as the matrix metalloproteinases (MMPs) and inflammatory cytokines, such as interleukin-1β (IL-1β) and tumor necrosis factor α (TNF-α) contribute significantly to the breakdown of the cartilage extracellular matrix (ECM) (3) (4) (5) (6) (7) . The resulting cleavage and release of matrix molecules, such as glycosaminoglycans (GAGs), type II collagen and hyaluronan contribute to the overall loss of healthy cartilage tissue (3, 7) . Furthermore, cleavage fragments generated from the catabolism of these ECM molecules exacerbate disease conditions by promoting further tissue destruction (7) .
While many members of the pool of catabolic mediators that are involved with OA pathogenesis have been the subjects of extensive investigation, stromal cell-derived factor-1 (SDF-1) remains relatively less well-known. SDF-1 is an 8-kDa peptide that regulates cellular activities via interactions with C-X-C chemokine receptor type 4 (CXCR4) found on chondrocytes (8) . Synovial fluid SDF-1 concentrations are markedly elevated in rheumatoid arthritic and osteoarthritic joints (9) . Furthermore, pathological concentrations of SDF-1 induce human chondrocyte death in vitro (10) . Binding of SDF-1 to CXCR4 on chondrocytes results in the release of the OA-associated catabolic proteases, MMP-3, -9 and -13 (11) .
Blockade of hypoxia-induced CXCR4 with AMD3100 inhibits production of OA-associated catabolic mediators IL-1β and MMP-13
However, the mechanism by which CXCR4 is regulated in chondrocytes remains to be elucidated. Previous studies have demonstrated that runt-related transcription factor 2 (Runx2) regulates MMP-13 expression (12) . Increased Runx2 has been found in OA cartilage, which contributes to the increased expression of MMP-13 in human OA chondrocytes (13) . Recently, Zhu et al (14) demonstrated that pretreatment of a pluripotent mesenchymal C2C12 cell line with SDF-1 siRNA for 2 days led to a marked decrease in Runx2 protein concentration. The inhibitory effect of SDF-1 siRNA was largely reversed by the addition of excess recombinant SDF-1, suggesting that SDF-1 signaling may regulate Runx2 expression. In attempting to improve understanding of the pathophysiology of OA with respect to articular cartilage, it is critical to recognize that cartilage is inherently avascular and, as such, has significantly lower levels of oxygen (hypoxic) than many other tissue types (15) (16) . Hypoxia often acts as a regulator of certain molecular markers and thereby alters specific cellular pathways (17) . Hypoxia has been demonstrated to regulate CXCR4 expression in normal and tumor cells (18) (19) . It is therefore likely that hypoxia also regulates CXCR4 expression in chondrocytes. The molecular mechanism underlying the hypoxic regulation of the SDF-1/CXCR4 signaling pathway in OA chondrocytes remains to be elucidated. An improved understanding of this process may result in novel strategies for pharmacological intervention in OA. In the present study, the effect of hypoxia on CXCR4 expression in OA chondrocytes was investigated to elucidate a mechanism through which SDF-1 induces cartilage degradation. In addition, the efficacy of the commercially available CXCR4 inhibitor, AMD3100 (20) in reducing OA chondrocyte catabolism under hypoxic conditions was investigated.
Materials and methods
Chondrocyte isolation and primary culture. Cartilage was obtained from patients undergoing total knee replacement surgery at the Second Hospital of Shanxi Medical University (Taiyuan, China) between September 2012 and December 2013. Cartilage samples were removed from the tibia plateau and washed in Gibco Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Chondrocytes were isolated from the cartilage as previously described (21) . Briefly, small samples of cartilage were minced, digested with 2 mg/ml pronase (Roche Diagnostics, Basel, Switzerland) in Gibco Hank's balanced salt solution (HBSS; Thermo Fisher Scientific, Inc.) for 30 min at 37˚C, and washed with DMEM. Cartilage samples were digested with 1 mg/ml bacterial collagenase (Type IA; Sigma-Aldrich, St. Louis, MO, USA) for 6-8 h at 37˚C in a shaker. The enzymatic reaction was terminated with DMEM containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). Residual multicellular aggregates were removed by filtration and the cells were washed three times in DMEM. Chondrocytes were plated in DMEM containing 10% FBS, Invitrogen L-glutamine (2.5 mM; Thermo Fisher Scientific, Inc.), and antibiotics (100 U/ml penicillin; 0.1 mg/ml streptomycin). Once cells reached confluence, they were split once (passage 1) and grown to confluence again. Cells were plated in 8-well chambers (Nalge Nunc International Corp, Naperville, IL, USA) at 1x10 5 cells/well or in 100-mm diameter culture dishes (BD Biosciences, Franklin Lakes, NJ, US) at 1x10 6 cells/plate. At 70% confluence, certain cells were treated with 5 ng/ml AMD3100 (ApexBio, Boston, MA, USA), 2 h prior to SDF-1 (GenScript, Piscataway, NJ, USA) incubation. Cells were then cultured under hypoxic condition (2% O 2 ) for two days. Cells (5x10 6 ) were treated with SDF-1 only (40 ng/ml) and control cells were cultured in the absence of SDF-1. Cells were incubated in the culture medium for two days and the chondrocyte culture medium was replaced with fresh medium without hyaluronidase. Cells were incubated at 37˚C in 2 or 5% O 2 .
Cartilage explant organ culture. Cartilage explants of uniform size (1.0x1.0x0.2 cm) were obtained from patients undergoing total knee replacement surgery. Each explant was divided into three segments. Explants were cultured at 2% O 2 to mimic hypoxic conditions, as previously described (22, 23) . One segment was incubated with AMD3100 (5 ng/ml) prior to SDF-1 (40 ng/ml) treatment, one segment was incubated with SDF-1 (40 ng/ml) only and the third segment was cultured in the absence of SDF-1 in DMEM containing 10% FBS at 37˚C. The cartilage and conditioned media were collected two days subsequently.
Immunocytochemistry. Following a two-day incubation, cells cultured in 8-well chambers were fixed at -20˚C with 70% ethanol and 50 mM glycine (pH 2.0) for 20 min. Slides were then washed with phosphate-buffered saline (PBS) and incubated with a monoclonal anti-CXCR4 antibody at 1:500 (cat. no. mab173; R&D Systems, Inc., Minneapolis, MN, USA) for 1 h at 37˚C followed by incubation with a rhodamine-labeled secondary antibody at 1:1,000 (cat. no. NL557; R&D Systems, Inc.) for 1 h at room temperature. Hoechst (0.5 mg/ml), a florescent nuclear binding dye, was applied following washing with PBS. Slides were then washed and mounted in 95% glycerol in PBS. Single or multiple exposure photography was performed with a Nikon E800 microscope and Nikon Capture NX2 v2.4.7 (Nikon Inc., Melville, NY, USA).
Quantification of GAGs.
To determine the concentration of GAG released by the cultured cartilage explants, the incubation media of the explants were collected following AMD3100 and/or SDF-1 treatment, and GAG concentrations were quantified spectrophotometrically by the 1,9-dimethylmethylene blue (DMMB) assay, using bovine chondroitin sulfate (Santa Cruz Biotechnology, Inc., Dallas, Texas, USA) as a standard, according to a previous study (24) .
Western blot analysis. Total protein was extracted from cells and quantified using the BCA Protein Assay Reagent kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions. Subsequently, 40 µg total protein was separated by electrophoresis (110 V for 2 h) on a 10% SDS-PAGE gel before being transferred to a nitrocellulose membrane. To detect hypoxia-inducible factor 1α (HIF-1α) protein, the membrane was probed with a rabbit anti-human HIF-1α antibody (cat. no. 3716; Cell Signaling Technology, Inc., Danvers, MA, USA). The antibody was diluted 1:1,000 in blocking buffer (LI-COR Biosciences, Lincoln, NE, USA). Goat anti-rabbit IRDye 680 IgG (cat. no.
926-68,071; LI-COR Biosciences) diluted 1:5,000 in blocking buffer (LI-COR Biosciences) served as the secondary antibody. To detect Runx2 protein, the membrane was incubated with a rabbit anti-human Runx2 polyclonal antibody (cat. no. bs-1134R; Bioss, Inc., Woburn, MA, USA) diluted 1:1,000 in blocking buffer. Goat anti-rabbit IRDye 800 CW IgG at 1:8,000 (cat. no. 926-32,211; LI-COR Biosciences) served as the secondary antibody. The blots were detected using the Odyssey Infrared Imaging system (LI-COR Biosciences). To ensure even loading of samples, the same membrane was probed with a goat anti-human β-actin polyclonal antibody (cat. no. SC-1616; Santa Cruz Biotechnology, Inc.) at a dilution of 1:1,000. The relative intensities of western blot bands were semi-quantified by densitometry following normalization to b-actin using ImageJ software (National Institutes of Health; NIH, Bethesda, MA, USA) as previously described (25) .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RT-qPCR was performed as previously reported (10) . Briefly, total RNA was isolated from the chondrocytes with the Qiagen RNeasy isolation kit (Qiagen, Inc., Valencia, CA, USA). A total of 1 µg RNA was transcribed into cDNA using iScripTM (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The resulting cDNA (40 ng/ml) served as the template to quantify the relative content of mRNA using a QuantiTect SYBR Green PCR kit (Qiagen, Inc.) with DNA Engine Opticon 2 Continuous Fluorescence Detection system. (MJ Research, Waltham, MA, USA). The amplification conditions were as follows: Pre-incubation, 2 min at 50˚C; enzyme activation, 10 min at 95˚C; denaturation, 40 cycles of 95˚C for 10 sec; annealing, 55˚C for 30 sec; and extension, 72˚C for 30 sec. The primers were designed using Primers Express software v1.0 (BioTools Inc., Edmonton, AB, Canada) and were as follows: Forward, 5'-AAA CTG AGA AGC ATG ACG GAC AA-3' and reverse, 5'-GCC AAC ATA GAC CAC CTT TTC AG-3' for CXCR4; forward, 5'-TGC TGC ATT CTC CTT CAG GA-3' and reverse, 5'-ATG CAT CCA GGG GTC CTG GC-3' for MMP-13; and forward, 5'-CTT CGC CGT CCA TTC ACT CC-3' and reverse, 5'-GTG CAT TCG TGG GTT GGA GA-3' for Runx2. The 18S ribosomal RNA (rRNA; forward, 5'-CGG CTA CCA CAT CCA AGG AA-3' and reverse, 5'-GCT GGA ATT ACC GCG GCT -3') was amplified at the same time and served as an internal control. The cycle threshold values for 18S rRNA, CXCR4, MMP-13 and Runx2 were measured and calculated by IQ5 Optical System software, version 2.1 (Bio-Rad Laboratories, Inc.,). Relative transcript levels were calculated as x = 2-ΔΔ Cq , in which ΔΔCq = ΔE-DC, and ΔE = Cq exp -Cq 18s ; ΔC = Cq control -Cq 18s (26) .
ELISA. MMP-13 activity in conditioned media was measured using a double-antibody sandwich ELISA kit (MMP-13 ELISA kit; GE Healthcare Life Sciences, Chalfont, UK). Assay Diluent RD1-55 (100 µl) was added to each well with 100 µl standard or sample. The wells were covered with an adhesive strip and incubated for 2 h at room temperature on a horizontal orbital microplate shaker set at 500 rpm. Each well was aspirated and washed three times with 400 µl wash buffer. A total of 200 µl MMP-13 conjugate was added to each well, covered with a fresh adhesive strip, and incubated for 2 h at room temperature on the shaker. The aspiration and washing steps were repeated and 200 µl substrate solution was added to each well and incubated for 30 min at room temperature in the dark. Stop solution (50 µl) was added to each well and the optical density of each well was determined within 30 min using a microplate reader (Packard FluoroCount BF10000) set at 450 nm. IL-1β in conditioned media collected from cartilage explants was measured using an IL-1β ELISA kit from Invitrogen (cat. no. KMC0011C; Thermo Fisher Scientific, Inc.). Culture medium (50 µl) was mixed with 50 µl incubation buffer and 50 µl biotinylated anti-IL-1β (cat. no. KMC0011C; Thermo Fisher Scientific, Inc.) solution in the wells. Following incubation at 37˚C for 90 min, 100 µl streptavidin-horseradish peroxidase working solution was added to the wells and incubated at room temperature for 30 min. The wells were washed with washing solution four times. Following the addition of 100 µl stabilized chromogen to each well, the plate was placed in the dark for 30 min at room temperature. Stop solution (100 µl) was then added and the absorbance was recorded at 450 nm. All samples were run in duplicate.
Statistical analysis. All quantitative data were expressed as means ± standard deviation, obtained from at least three independent experiments and analyzed with SPSS software (version 20.0; IBM SPSS, Armonk, NY, USA). Independent student's t test was used for RT-qPCR quantification of CXCR4 expression in chondrocytes; one-way analysis of variance with Tukey's post-hoc test was used for group comparisons in all other experiments. P<0.05 was considered to indicate a statistically significant difference.
Results
Hypoxia enhances CXCR4 expression in human OA chondrocytes. Consistent with previously established methods (22, 23) , OA articular chondrocytes were maintained in 5% O 2 (normoxia) or exposed to 2% O 2 (hypoxia) for two days. RT-qPCR analysis demonstrated that CXCR4 expression was significantly higher in OA chondrocytes cultured under hypoxic compared with normoxic conditions (P=0.006; Fig. 1A and B) . Protein quantification of HIF-1α via western blotting was performed to confirm that conditions were hypoxic in the in vitro model (P=0.02; Fig. 1C and D) . Micrographs of immunocytochemical analysis further identified strong CXCR4 positive staining in hypoxic conditions compared with normoxic conditions (Fig. 2) .
SDF-1 increases MMP-13 expression level and activity in
human OA chondrocyte. The conditioned media were collected for ELISA analysis 48 h following treatment with SDF-1. As presented in Fig. 3A , SDF-1 (incubated at concentrations of 10-80 ng/ml) increased MMP-13 activity in a dose-dependent manner. Notably, the effect of SDF-1 was greatest at a dosage of 40 ng/ml. RT-qPCR and ELISA results indicated that SDF-1 increased the expression level of MMP-13 (P=0.009; Fig. 3B ), while suppression of MMP-13 enzyme activity was observed by blocking the SDF-1 pathway with AMD3100 (P=0.001; Fig. 3C ).
SDF-1 increases Runx2 expression levels in human cartilage
chondrocytes. Total RNA and cell lysates were collected following 48 h treatment with SDF-1 alone or SDF-1 plus AMD3100. Controls were cultured in the absence of SDF-1 and AMD3100. Runx2 mRNA and protein expression levels were determined by RT-qPCR and western blotting, respectively. The results indicated that SDF-1 increased Runx2 mRNA (P=0.003) and protein expression levels, while the upregulation of Runx2 induced by SDF-1 was partially inhibited by AMD3100 (P=0.04; Fig. 4A and B) .
SDF-1 increases GAG release in the conditioned media.
GAG is an important structural component of proteoglycans and its release is a marker of proteoglycan catabolism (27) . To further Figure 2 . Immunofluorescence images of CXCR4 expression in osteoarthritis chondrocytes cultured under normoxic and hypoxic conditions (5 and 2% oxygen, respectively). Cells were stained with an anti-CXCR4 antibody (rhodamine, red) and with the nuclear binding dye, Hoechst two days later. Staining of CXCR4 was stronger in cells cultured under hypoxic conditions compared with those cultured in normoxic conditions. CXCR4, C-X-C chemokine receptor type 4. examine whether SDF-1 causes cartilage matrix degradation, the concentration of GAG in the conditioned media of explants treated with SDF-1 was determined by spectrophotometry using a DMMB assay, in which bovine chondroitin sulfate served as a standard. The level of GAG was significantly higher in media collected from explants treated with SDF-1 vs. explants cultured in the absence of SDF-1 (P=0.001) or explants pretreated with AMD3100 prior to SDF-1 incubation (P=0.004; Fig. 5 ).
SDF-1 increases IL-1β release in the conditioned media.
The level of IL-1β was significantly higher in media collected from explants treated with SDF-1 vs. explants cultured in the absence of SDF-1 (P=0.012) or explants treated with AMD3100 prior to SDF-1 incubation (P=0.002; Fig. 6 ).
Discussion
OA is a complex disease and its underlying pathological mechanisms remain to be elucidated. Genetic, biochemical (C) ELISA analysis of enzyme activity of MMP-13 within conditioned media. SDF-1 significantly increased the activity of MMP-13 (P= 0.013), while a significant suppression of MMP-13 activity was observed by blocking the SDF-1 pathway with AMD 3100 (P=0.001). SDF-1, stromal cell-derived factor-1; CXCR4, C-X-C chemokine receptor type 4; MMP-13, matrix metalloproteinase 13. and biomechanical factors all contribute to the pathogenesis of OA (28) (29) (30) . It is well established that the inflammatory cytokines, IL-1β and TNF-α are closely associated with OA-induced cartilage degradation (3, 7) . Previous studies have suggested that the SDF-1/CXCR4 signaling pathway is also an important facet of articular cartilage biology and may be involved in the pathogenesis of OA (11, 31) . SDF-1 belongs to the CXC chemokine family and CXCR4 is a G-protein coupled receptor that, when activated by SDF-1, triggers a cascade of molecular events that ultimately regulate many important cellular functions, including chemotaxis, proliferation, apoptosis and differentiation (32) . Increased expression of CXCR4 is a defining feature of hypertrophic chondrocytes (8) . Furthermore, premature terminal differentiation of chondrocytes is indicative of OA pathogenesis as OA cartilage often consists of large zones of hypertrophic tissue (33,34) .
The aim of the present study was to investigate the role of CXCR4 activation in the context of OA chondrocyte and cartilage tissue catabolism. In the current study, cells were cultured under hypoxic conditions to mimic the physiological state of hypoxia, a defining characteristic of cartilage tissue, to examine how these conditions affect CXCR4 expression in OA chondrocytes. It was demonstrated that hypoxia significantly increases the CXCR4 expression level in human OA chondrocytes, which is consistent with the findings of a previous study in which hypoxia increased CXCR4 expression in a chondrosarcoma cell line (22) . As it has been previously suggested that synovial fibroblasts exhibit increased SDF-1 production during OA conditions (9), the results of the present study suggest that the additional insult of hypoxia-induced CXCR4 elevation in chondrocytes may contribute to hyper-activation of the SDF-1/CXCR4 signaling pathway, thus favoring cartilage catabolism. To test this hypothesis, the effect of treating OA chondrocytes cultured in hypoxic conditions with SDF-1 was examined, and observed to increase MMP-13 mRNA expression and enzyme activity. This is consistent with a previous study, which demonstrated that SDF-1 increased MMP-3 and -13 levels in a dose-dependent manner, although this study was not conducted under hypoxic conditions (11) . Increased MMP-13 production and activity is a canonical indicator of OA-induced cartilage catabolism, as it degrades type II collagen, a major building block of the cartilage ECM (10, 35, 36) . MMP-13 has been reported to be overexpressed in OA cartilage, and is a key inducer of events associated with OA (6, 20, 37) .
Consistent with previous findings, increased mRNA and protein expression levels of Runx2, a well-known regulator of MMP-13 (13, (38) (39) (40) (41) , were observed in the present study in response to SDF-1 treatment of OA chondrocytes (13) . Runx2 is an important transcription factor regulating cartilage maturation and bone formation (42, 43) , and it has previously been linked to chondrocyte hypertrophy, which often occurs in OA. Notably, a heterozygous Runx2-deficient (Runx2 +/-) OA mouse model demonstrated decreased cartilage destruction, along with a reduction in MMP-13 expression (44) . Furthermore, Runx2 directly upregulates MMP-13 by binding to a particular C-module-binding factor/nuclear matrix protein-2/osteoblastic cis-element 2 element in the promoter region of the MMP-13 gene (12, 45) . The concomitant upregulation of Runx2 and MMP-13 in the presence of SDF-1 suggests that SDF-1 signaling is a prerequisite for Runx2-regulated MMP-13 expression in OA chondrocytes, and that at least a component of the function of SDF-1/CXCR4 is exerted through Runx2-mediated regulation of MMP-13 expression. This is further substantiated by a recent study which demonstrated that knockdown of SDF-1 signaling in mesenchymal stem/progenitor cells undergoing chondrogenesis results in significant suppression of Runx2 expression (46) .
In addition to increasing Runx2 expression levels and MMP-13 activity under hypoxic conditions, SDF-1 increased IL-1β production and GAG release into the conditioned media of cartilage explants. This suggests that SDF-1 may induce mediators of OA-associated cartilage catabolism, and in this respect it may be functionally involved in OA pathogenesis. This is consistent with a previous study that reported elevated SDF-1 levels in the synovial fluid of OA patients (9). Figure 5 . SDF-1-induced GAG release decreased in response to AMD3100 pretreatment in osteoarthritis cartilage explants. Free GAG content was significantly higher in media collected from explants treated with SDF-1 vs. explants without SDF-1 treatment or explants pre-treated with AMD3100 prior to SDF-1 incubation. This effect of SDF-1 was significantly reduced in the explants that were pretreated with AMD3100. Data are presented as means + standard deviation. SDF-1, stromal cell-derived factor-1; CXCR4, C-X-C chemokine receptor type 4; GAG, glycosaminoglycan. Figure 6 . AMD3100 reduced SDF-1-induced IL-1β release into the conditioned media of cultured osteoarthritis cartilage explants. The expression level of IL-1β was significantly higher in media collected from explants treated with SDF-1 vs. explants without SDF-1 treatment or explants pre-treated with AMD3100 prior to SDF-1 incubation. Data are presented as means + standard deviation. SDF-1, stromal cell-derived factor-1; CXCR4, C-X-C chemokine receptor type 4; IL-1β, interleukin-1β.
Furthermore, while it is reasonable to expect that the state of hypoxia that is inherent to cartilage tissue elevates CXCR4 expression in chondrocytes, the results of the present study demonstrate for the first time, to the best of our knowledge, that AMD3100 effectively prevents the aforementioned catabolic effects of SDF-1. AMD3100 is a specific inhibitor of CXCR4 that was first recognized for its potent activity against the HIV infection (47). A previous study identified AMD3100 to be effective in treating autoimmune collagen-induced arthritis in interferon γ receptor-deficient DBA/1 mice (48). The present study reports the novel discovery that blocking CXCR4 using AMD3100 effectively reduces the expression of Runx2, inhibits MMP-13 activity and decreases GAG release under hypoxic conditions. The present study provides insight into the mechanism of OA pathogenesis, and suggests that the SDF-1/CXCR4 signaling pathway is hyper-activated in a hypoxic environment, such as the articular cartilage and induces cartilage matrix degradation via Runx2-mediated MMP-13 release. Furthermore, the present study has demonstrated for the first time, to the best of our knowledge, that SDF-1 stimulates the release of the inflammatory cytokine, IL-1β from OA cartilage explants; an effect that is abolished by the CXCR4 inhibitor, AMD3100. Based on the findings of the present study, blocking the SDF-1/CXCR4 signaling pathway by AMD3100 may potentially prevent OA progression.
Previous studies have demonstrated that animals tolerated AMD3100 well at a dose of 160 µg/per day, a dose that has been reported safe in animals and humans (49) (50) (51) . The severity of OA cartilage degeneration is attenuated by blocking SDF-1/CXCR4 signaling by continuous infusion of the CXCR4 blocker, AMD3100 via osmotic minipump, i.p (31) . These data present a novel therapeutic target for the prevention and treatment of OA. However, the potential risk of intra-articular injection of AMD3100 has not been evaluated. Further research is required to evaluate the potential risk of intra-articular injection of AMD3100 and to establish a method of ensuring AMD3100 is released slowly.
In conclusion, the findings of the present study indicate that hypoxia upregulates CXCR4 expression in OA chondrocytes, that SDF-1/CXCR4 may be crucial in OA pathogenesis and that AMD3100 may abolish SDF-1-induced catabolic effects. Thus, blocking SDF-1 interaction with its receptor, CXCR4 may be applicable to developing chondro-protective therapy to treat inflammatory chemokine-induced arthritis. Further studies addressing these points are necessary to evaluate the therapeutic value of AMD3100 in large animal models of OA prior to clinical development.
